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We report low-dimensional tunneling in an independently contacted vertically coupled quantum
wire system. This nanostructure is fabricated in a high quality GaAs/AlGaAs parallel double
quantum well heterostructure. Using a novel flip chip technique to align top and bottom split
gates to form low-dimensional constrictions in each of the independently contacted quantum wells
we explicitly control the subband occupation of the individual wires. In addition to the expected
2D-2D tunneling results, we have found additional tunneling features that are related to the 1D
quantum wires.
Coupled nanostructures show promise in leading to
new understanding of non-fermi liquid physics, many-
body effects and electron-electron interactions [1, 2, 3,
4, 5, 6, 7, 8]. The vertically coupled double quantum
wire system described in this letter is a simple realization
of such a coupled nanostructure. Proposals of coupled
quantum wire devices that utilize tunneling and spin-
orbit coupling to make a spin filter [9] and coherent tun-
neling oscillations to form a qubit [10] rely on exquisite
control of the wire density, number of subbands occupied
and coupling both between the wires and to the macro-
scopic environment.
In this letter we report tunneling measurements be-
tween vertically coupled double quantum wires fabri-
cated using split gates on both sides of a double quan-
tum well GaAs/AlGaAs heterostructure. While semicon-
ductor based nanoelectronics promise a flexible platform,
care must be taken that implementation of the quantum
wires and the control over their subband occupation does
not also alter the properties of the wires under investi-
gation. With this issue in mind, we devise a tunneling
geometry where the quantum wires are separated from
the gates that are necessary for independent contacts.
The price for this isolation is a 2D-2D tunneling compo-
nent. We present tunneling results where 2D-2D reso-
nances and additional structures are visible. The origin
of the additional features and their relationship to 1D
physics is investigated.
For the samples reported here, 18 nm wide GaAs quan-
tum wells are separated with an AlGaAs barrier. For
sample A the barrier is 7.5 nm and for sample B the
barrier is 10 nm. The top and bottom quantum wells
in sample B have individual layer densities of 1.16 and
1.96×1011 cm−2 respectively and a combined mobility of
0.91×106 cm2/Vs; sample A is similar. The heterostruc-
ture is thinned to approximately 0.4 µm using an epoxy-
bond-and-stop-etch (EBASE) process [11]. This allows
for top and bottom split gates ∼ 150 nm from the top
and bottom quantum wells, aligned laterally with sub-0.1
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FIG. 1: (a) Scanning electron microscope image of a coupled
quantum wire device. (b) Schematic diagram of the resonant
tunneling measurement for this device. Both 1D-1D and 2D-
2D tunneling can occur in this device.
µm resolution. The advantages of this device structure
are three-fold. First, by making use of molecular beam
epitaxy (MBE) growth of the tunneling barrier we have
a rigid potential barrier between the layers. Second, the
close proximity of the top and bottom split gates to the
electron layers leads to a well-defined confinement po-
tential for the 1D wires. Third, independent contact to
individual electron layers in combination with the top
and bottom split gates allows for the independent forma-
tion and control of the number of occupied subbands in
both the top and bottom quantum wires.
In Fig. 1(a), a top view scanning electron micrograph
of a coupled quantum wire device is shown. The dark
areas are the GaAs/AlGaAs heterostructure described
above. The active region of the device consists of six
TiAu gates. The four gates in the center form pairs of
split gates defining the quantum wires. Only the two
gates on the top surface are visible due to the accurate
alignment of the top and bottom gates. The quantum
wires are formed by electrostatic confinement in the 0.5
µm wide and 1.0 µm long gap between the split gates.
The remaining two gates, spanning the entire field of
view, are used to independently contact the individual
electron layers. The lateral separation between the quan-
tum wire and these gates is chosen to be ∼ 10 times
greater than the depth of the quantum well to ensure a
uniform density of the quantum wires. Low frequency
measurements of the parallel transport and tunneling
conductance are made using a standard ac method with a
2FIG. 2: Two-terminal parallel transport with respect to the
top and bottom split gate voltage for sample A at T = 50
mK. The split gate voltages explicitly control the occupation
of the top and bottom quantum wires. The left (I) and right
(III) of the figure are regions where only one of the quan-
tum wires are occupied as indicated by uniform conductance
steps (quantized in 2e2/h after subtracting series contact re-
sistance). The center region (II) is where both wires are oc-
cupied.
constant excitation voltage of 100 µV at 13 to 143 Hz; dc
IV’s are used as a consistency check. All measurements
were taken at base temperature of a dilution refrigerator
with an approximate electron temperature of 50 mK.
In Fig. 2 we plot the two-terminal linear conductance
of the two layers in parallel as a function of the top and
bottom split gate voltage for sample A. This figure shows
the transition from 2D to 1D and finally to zero conduc-
tance as negative top and bottom split gate voltage is
applied to the system. Consider the case where the bot-
tom split gate voltage is fixed at zero and we vary the
top split gate voltage. For top split gate voltages up to
point A (Fig. 2 bold line) we have two 2D electron lay-
ers present. As we apply a larger negative top split gate
voltage (-0.33 to -0.81 V, A to B) a wide 1D channel
is formed in the top electron layer in parallel with the
lower 2D layer. For larger negative top split gate voltage
(-0.81 to -1.76 V, B to C) 1D constrictions form in each
of the layers, although the top constriction is much nar-
rower than the bottom constriction. By a top split gate
voltage of -1.76 V (C) the top layer is completely com-
pletely depleted and conductance steps are observed in
the bottom wire. The presence of quantized conductance
in region III is an indication of the occupation of the bot-
tom wire only. Similarly, in region I only the top wire is
occupied. In the center region (II) of the figure we ob-
serve a more complicated pattern when both of the wires
are occupied and contribute to the conductance. The
complicated crossing pattern provides a means to map
out the subband occupation and illustrates the control
we have over the states of the individual wires.
A schematic view of the resonant tunneling geometry
is shown in Fig. 1(b). Using this tunneling geometry we
expect a combined 1D-1D and 2D-2D tunneling signal.
The 1D-1D results from the overlap of the quantum wires
themselves and the 2D-2D results from the small 2D areas
on either side of the quantum wires. Resonant tunneling
occurs when an electron in one wire tunnels to the other
wire conserving both energy and momentum [1].
In Fig. 3(a) we show the 2D-2D ac tunneling conduc-
tance for several values of magnetic field, H||, applied
parallel to the plane of the two-dimensional electron sys-
tem and perpendicular to the tunneling current (see Fig.
1(b)). 2D-2D tunneling occurs when the top and bottom
quantum wire split gates are grounded, while maintain-
ing independent contact to the individual layers (see Fig,
1(a)). For H|| = 0 a sharp resonance occurs at ∼ 2.8 mV.
We observe a decrease in the tunneling conductance and a
splitting of the resonance with increasing magnetic field.
This decrease and splitting has been previously observed
[12, 13, 14] and is attributed to the magnetic field shifting
the dispersion curves in k-space which reduces the phase
space for tunneling and leads to a complex dependence
on both the magnetic field and applied VSource−Drain
(VSD). The observed 2D-2D tunneling at ∼ 2.8 mV is in
good agreement with the measured densities of the two
layers via Shubnikov-deHaas oscillations and gate deple-
tion studies. Due to the presence of small 2D areas on
either side of the quantum wires, the 2D-2D tunneling
features described here are visible to some extent in all
our tunneling results.
Fig. 3(b) shows the tunneling conductance in regions I,
II and III for sample B with the top and bottom quantum
wire split gates set to a parallel conductance of ∼ 4e2/h.
The resonance at ∼ 2.8 mV is 2D-2D tunneling from the
pair of 1 µm × 2 µm 2D areas shown in Fig. 1. As we
move from region I to region II we observe a doubling
of the peak tunneling conductance. This is attributed
to a doubling of the 2D-2D tunneling area as we move
from only one wire occupied (region I) to both wires oc-
cupied (region II). The peak tunneling conductance is
halved as we move from region II to region III for the
same reason. An additional peak is observed at VSD ≈
13 mV in region I and at VSD ≈ - 7 mV in region III en-
larged view in Fig. 3(b). The position of these additional
peaks are sensitively dependent on the top and bottom
split gate voltage and are only visible when one of the
wires is depleted. It should be noted that these addi-
tional peaks are not due to second 2D subband tunneling
which occurs at ∼ 40 mV independent of the top and
bottom split gate voltages. As we move towards region
II the additional peaks move towards and collapse into
the 2D-2D tunneling resonance. For a fixed top and bot-
tom split gate voltage, the peak position is independent
of magnetic field, but the amplitude can have a strong
dependence as shown in Fig. 3(c).
In region II of Fig. 2 we have observed a 2D-2D tunnel-
ing signature as shown in Fig. 3(b). However, we have
not observed a clear 1D-1D signal as expected. From
previous work on vertically coupled quantum wires [7]
3FIG. 3: (a) 2D-2D tunneling for H|| ranging from 0 to 2T as indicated on the figure for sample B at T = 50 mK. We indicate
the top and bottom Fermi circle positions for the 0 and 2T data. (b) Tunneling conductance from regions I, II and III as
labelled in Fig. 2. Additional side peaks appear in both regions I and III. For region III the side peak is magnified in the inset.
The diagrams are sample configurations for region III (bottom wire only), region II (both wires) and region I (top wire only),
from left to right. (c) Tunneling conductance for region III for several values of H||.
we expect a 1D-1D conductance signal on the order of
∼ 0.01 µS, which should be clearly observable in this
experiment. Comparing 2D-2D tunneling results to the
tunneling signal from region II we estimate that any 1D-
1D signal buried in the 2D-2D background to be no larger
than ∼ 0.001 µS.
Finally we turn our attention to the side peaks in the
tunneling when only one wire is occupied (regions I and
III). From the strong magnetic field dependence of the
amplitude (Fig. 3c) and the fact that the peak position
in VSD depends on the exact combination of top and bot-
tom split gate voltages, it is tempting to conclude that
the peak arises from 1D-2D tunneling. This tunneling
could be from either the occupied or unoccupied wire to
the 2D region in the other layer. If these features are
indeed 1D-2D tunneling signatures, the tunneling pro-
cess is quite different from the resonant 2D-2D tunneling.
First, the insensitivity of peak position with H|| suggests
an inelastic origin. Second, we might expect each of the
multiple 1D subbands to contribute additional tunneling
channels; however, no other tunneling peaks are observed
until the second 2D subband tunneling at ∼ 40 mV.
It is important to note the large VSD values of the
additional tunneling structures. Clearly nonlinear pro-
cesses can be important. One example is lateral trans-
port through the unoccupied wire at high bias. This
could allow the floating 2D paddle (see diagrams in Fig.
3b) to contribute to tunneling. Finally, the effect of a de-
pleted quantum wire at high bias is unknown in this sys-
tem. While the origin of the additional tunneling peaks
remains unknown, possibilities of 1D-2D tunneling and
nonlinear transport are being explored to solve this im-
portant problem.
In conclusion, we have fabricated a nanoelectronic
structure consisting of a pair of vertically coupled quan-
tum wires and measured tunneling between the layers.
The key to fabricating this device is the combination of
EBASE thinning, electron beam lithography and deple-
tion gates for separate contact. Transport measurements
demonstrate external control over the number of occu-
pied subbands in each 1D wire. With independent con-
tacts, tunneling is measured between the quantum wire
systems. An easily identified 2D-2D component is visible,
and additional structure is present at high bias voltages
when only one wire is occupied. The additional peak
in the tunneling measurement is possibly related to 1D-
2D tunneling or nonlinear transport of the unoccupied
1D wire. The successful combination of semiconductor
heterostructures and dual-side electron beam lithogra-
phy can be used to create a wide variety of electrically
coupled nanostuctures for both fundamental and applied
studies.
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